INTRODUCTION
============

DNA, the carrier of genes, is a long chain 2 nm thick and \~50 nm in persistence length. A typical DNA chain in a living cell is on the order of several tens of kilobase pairs giving it a 'semiflexible polymer' nature. In a simple model system using nude DNA molecules, it has been revealed that a single DNA molecule exhibits a first-order type phase transition of higher order structure from a random coil to a tightly packed state by using various condensing agents ([@gkr712-B1; @gkr712-B2; @gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6; @gkr712-B7; @gkr712-B8; @gkr712-B9; @gkr712-B10; @gkr712-B11; @gkr712-B12; @gkr712-B13; @gkr712-B14; @gkr712-B15; @gkr712-B16]). Even in such simple model systems, a compacted or condensed state of DNA can inhibit RNA transcription activity ([@gkr712-B17]). The primary processes in the compaction of a single DNA molecule have been observed by fluorescence microscopy ([@gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6],[@gkr712-B18],[@gkr712-B19]). However, the compaction kinetics, especially the compaction velocity, of a single DNA molecule is still a topic of intense research.

The density transition of DNA in bulk is known as DNA condensation ([@gkr712-B1]). To elucidate the compaction mechanism of DNA molecules *in vivo*, the process has been studied *in vitro* using various condensing reagents such as proteins, polyamines, hexamine cobalt(III) complexes and cationic surfactants ([@gkr712-B1; @gkr712-B2; @gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6; @gkr712-B7; @gkr712-B8]). These agents are components of the nucleus or nucleoid, and are representative models of the environment of biological organisms. Additionally, in models of crowding environments or intracellular environments, poly(ethylene glycol) (PEG) has been used for a polymer-salt-induced (ψ) condensation system ([@gkr712-B10],[@gkr712-B20],[@gkr712-B21]). All living organisms contain a wide variety of macromolecules that may reach a total concentration of 50--400 mg/ml. To mimic molecular crowding *in vitro*, PEG has been commonly used as a large co-solute ([@gkr712-B22]), as has albumin under low salt conditions ([@gkr712-B16]).

Static structures and characteristics of the compacted DNA have been observed by various methods. Electron microscopy shows that compacted DNA *in vivo* and *in vitro* assumes an ordered form ([@gkr712-B9; @gkr712-B10; @gkr712-B11]). Light scattering techniques have revealed ensemble behavior of DNA compaction ([@gkr712-B1; @gkr712-B2; @gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6; @gkr712-B7; @gkr712-B8; @gkr712-B9; @gkr712-B10; @gkr712-B11; @gkr712-B12; @gkr712-B13; @gkr712-B14; @gkr712-B15; @gkr712-B16; @gkr712-B17; @gkr712-B18; @gkr712-B19; @gkr712-B20; @gkr712-B21; @gkr712-B22; @gkr712-B23]). In contrast to static observations, research on the compaction dynamics of single DNA molecules have been carried out on cellular proteins ([@gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6]). Despite being the subject of active research, however, information on the kinetics of the DNA compaction has not been clearly delineated at the level of a single molecule. Especially, quantitation of the compaction velocity is important because it relates to cell division, sperm manufacturing and gene expression control. However, using a protein condensation system as a theoretical model for analysis of DNA compaction velocity is difficult due to the complexity of the chemical and biochemical characteristics of the proteins as compaction components.

In the present study, to evaluate the compaction kinetics or compaction velocity of a single DNA molecule in detail we first investigated non-protein condensation systems using (i) PEG with Mg^2+^, which exhibits a crowding effect suitable for mimicking cellular fluid, as the ψ condensation system and (ii) spermine (SPM), which is present in living cells at high concentrations, as the polyamine condensation system.

MATERIALS AND METHODS
=====================

Bead--avidin complex
--------------------

The carboxyl-polystyrene beads (Polysciences, Inc. Valley Road, USA) with a diameter of 1 µm were washed twice with 50 mM 2-(*N*-morpholino)ethanesulfonic acid (MES) buffer pH 5.2 and then re-suspended in MES buffer. To ensure rapid reaction with the amine group, 20 mg/ml 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC; Thermo Fisher Scientific, Bonn, Germany) was added to the bead solution, and the mixture was agitated for 4 h at room temperature. An appropriate volume of dissolved 20 µg/µl streptavidin (Sigma-Aldrich) was added to the EDC--bead mixture, and incubated and stirred overnight at room temperature. The bead--avidin complex was recovered by removing the supernatant following centrifugation at 2000*g* for 5 min. The bead--avidin complex was re-suspended in storage buffer (10 mM Tris pH 8.0, 0.05% BSA) at 4°C before use.

Biotinylated λDNA concatemers
-----------------------------

Double-stranded lambda phage DNA was purchased from Takara (Shiga, Japan). Concatemers of lambda DNA were prepared with T4 DNA ligase (Takara, Shiga, Japan) by incubating in ligation buffer for 1 h at 25°C. To biotinylate one end of the concatemeric DNA, a biotin-labeled oligonucleotide with the sequence 5′-GGGCGGCGACCT-biotin-3′ (Sigma-Aldrich), which is hybridized at the right cos site of lambda phage DNA, was added to the concatemeric DNA solution at a DNA:oligonucleotide ratio of 1:2 and incubated for 10 min at room temperature with T4 DNA ligase. After ligation of the biotin-labeled oligonucleotide, the concatemeric biotinylated DNA was isolated by 1% agarose gel electrophoresis in 1× TAE and extracted from gel slices by electro-elution.

Compaction velocity measurement
-------------------------------

To investigate the compaction velocity of single DNA molecules, we used a microfluidic chip made from polydimethylsiloxane (PDMS) for observation, which has one main microchannel (4-mm wide, 25-µm deep) and four branch channels (1-mm wide, 25-µm deep) ([Figure 1](#gkr712-F1){ref-type="fig"}a). All solutions from each branch channel were pumped with electro-osmotic pumps (Nano Fusion Technologies, Tokyo, Japan). The following procedures were conducted at room temperature (\~23--25°C). First, the bead--avidin complex was injected into the main channel for 5 min at a flow rate of \~15 µm/s, and then washed with buffer (5 mM MOPS buffer, pH 7.4). The biotinylated lambda DNA concatemer subsection below) was injected into the channel for 5 min at a flow rate of \~15 µm/s, fixed to the bead--avidin complex spacers and washed with buffer. The condensing reagents of PEG--Mg^2+^ (60 mM MgCl~2~ and 0--120 mg/ml PEG 6000 \[Hampton Research\]) and SPM \[0--20 µM SPM (Nacalai Tesque, Kyoto, Japan)\] in 50 mM MOPS pH 7.4 were injected into the main channel at a flow rate of 25--40 µm/s. DNA molecules were stained and visualized with fluorescence dye DAPI (4′,6-diamidino-2-phenylindole, 0.6 µM). An EB--CCD camera with a fluorescence microscope captured the kinetic process. The length and velocity of DNA were analyzed using the Meta Imaging Software (Molecular Devices, USA). Figure 1.Single molecule compaction of DNA. (**a**) Schematic of experimental setup. Single DNA molecules were immobilized with one end of the DNA on microbeads as a spacer, and stretched by continuous laminar flow in a microfluidic channel. Time lapse of compaction by (**b**) 100 mg/ml PEG and 60 mM MgCl~2~ and (**c**) 20 µM SPM. The arrows indicate the end of a single DNA molecule during DNA compaction. The time intervals between images for (b) and (c) are 0.13 and 0.03 s, respectively.

Measurement of viscosity from Brownian motion
---------------------------------------------

For measurement of viscosity, the Brownian motion of a polystyrene 500-nm bead was measured by fluorescence microscopy, and the time-dependent translational displacement of an individual bead was quantified to estimate viscosity using the Stokes--Einstein equation ([@gkr712-B8]). Single particle tracking for the measurement of microscopic viscosity was carried out in the aforementioned buffer solutions containing 0--140 mg/ml PEG without Mg^2+^.

RESULTS AND DISCUSSION
======================

We measured the compaction velocity of single tandem λ-DNA molecules with contour lengths of \~20--70 µm by video fluorescent microscopy. Single DNA molecules were observed using a molecular stretching technique in the microfluidic flow. [Figure 1](#gkr712-F1){ref-type="fig"}a shows a schematic of the experimental setup. The compaction is induced by the exchange of buffer solution for condensing solution in the channel. [Figure 1](#gkr712-F1){ref-type="fig"}b and c as well as [Supplementary Movies S1](http://nar.oxfordjournals.org/cgi/content/full/gkr712/DC1) and [S2](http://nar.oxfordjournals.org/cgi/content/full/gkr712/DC1) show a time lapse for compaction of a single DNA molecule. To keep a single DNA molecule from unexpected adhesion on the glass surface during the compaction, we immobilized it on a microbead as a spacer. First, a microbead coated with streptavidin was nonspecifically immobilized on the glass surface, and then a single DNA molecule labeled with biotin was bound on the microbead via the avidin--biotin linkage. Moreover, the flow rate in the present study was selected on the range of 25--40 µm/s, which corresponds to the flow rates adapted in previous studies ([@gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6]). We avoided stronger flow to prevent additional nonlinear effects on the transition.

We observed the compaction velocity of a single DNA molecule at various PEG and SPM concentrations. [Figure 2](#gkr712-F2){ref-type="fig"}a and b shows that the shrinkage of a single DNA molecule was approximately linear at each concentration, and the velocity of shrinkage increased with increasing concentrations of condensing reagents. [Figure 3](#gkr712-F3){ref-type="fig"}a and b shows that the maximum averaged compaction velocity induced by PEG--Mg^2+^ and SPM was \~60 µm/s (i.e. \~180 kb/s) and \~350 µm/s (i.e. \~1 Mb/s), respectively. The velocity is faster than that induced by protein by a factor of 5--30 ([@gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6]). The transition time in millisecond order by the SPM compaction was similar to that in fluorescence lifetime correlation spectroscopic study ([@gkr712-B24]). [Figure 3](#gkr712-F3){ref-type="fig"}a and b also shows that threshold concentrations were found in DNA compaction, reflecting the intrinsic nature of the transition on single DNA ([@gkr712-B24],[@gkr712-B25]). In other words the compaction is mediated under the excess concentration of SPM and the ruling kinetics is growth process after the nucleation. Whereas with protamine, Brewer *et al*. reported that the compaction velocity is proportional to the protein concentration, which is interpreted in terms of the kinetics of protamine binding. Single DNA molecules were not compacted in \[PEG\] \<20 mg/ml, however, were completely compacted above the threshold concentration of \[PEG\] \>60 mg/ml. Thus, the threshold concentration was \[PEG\] = 60 mg/ml. At \[PEG\] = 40 mg/ml, a single DNA molecule in a random coil and in a compacted state were simultaneously observed (fluorescence images in [Figure 3](#gkr712-F3){ref-type="fig"}a). Under these coexisting conditions, a few molecules were compacted and had compaction velocities slower than under the completely compacted conditions at \[PEG\] \>60 mg/ml. The single DNA molecules remains as the elongated coil state without Mg^2+^ at the PEG concentration adapted in this study (data not shown). Although the experiments with SPM exhibited a tendency similar to those with PEG--Mg^2+^, the velocity was higher than in the presence of PEG--Mg^2+^ ([Figures 2](#gkr712-F2){ref-type="fig"}, [3](#gkr712-F3){ref-type="fig"}, [Supplementary Movies S1](http://nar.oxfordjournals.org/cgi/content/full/gkr712/DC1) and [S2](http://nar.oxfordjournals.org/cgi/content/full/gkr712/DC1)). A threshold concentration of SPM was also required to induce complete DNA compaction ([Figure 3](#gkr712-F3){ref-type="fig"}b). At \[SPM\] = 4--5 µM, random coil and compacted conformations of single DNA molecules were simultaneously observed (fluorescence images in [Figure 3](#gkr712-F3){ref-type="fig"}b). DNA molecules were not compacted in \[SPM\] \<3 µM, however, were completely compacted in \[SPM\] \>6 µM. Thus, the threshold concentration was \[SPM\] = 6 µM. Figure 2.Time lapse of the length of a single DNA molecule induced by (**a**) PEG--Mg^2+^ (60 mM MgCl~2~ and 40--140 mg/ml PEG) and (**b**) SPM (4--20 µM). Time 0 is the time at which compaction was complete. Each data point was obtained by averaging over five molecules at each bin time in the video frame. A smaller number of data points are plotted for SPM owing to its faster velocity of compaction. Time 0\* for SPM is the expected complete time of the compaction, which was evaluated from the time-successive video frames with the time interval of 33 ms. Figure 3.Velocity of compaction of single DNA molecules. (**a**) PEG--Mg^2+^ (60 mM MgCl~2~, constant) and (**b**) SPM. Each photograph in the above graphs was observed without liquid flow and by anchoring single DNA molecules to examine their conformation state in the presence of varying reagent concentrations using fluorescence microscopy. Each data point was obtained by averaging over five molecules except at \[PEG\] = 40 mg/ml in (a), where averaging was done over four molecules owing to difficulties in observing a small number of condensed molecules in the coexistence region.

The velocity *v* of shrinkage of a single DNA molecule is in a general model of phase propagation, or nucleation-growth model ([@gkr712-B25]). *D* is a diffusion coefficient associated with viscosity *η* from ; *t* is the time scale of the local kinetics in the compaction. The local kinetics follows: , where *E~a~* is the local activation energy for the compaction of the DNA segments between the random coil and compacted states. We assumed that the activation energy *E~a~* is proportional to the difference in free energy DF on a single DNA molecule between the random coil and compacted states: *E~a ~*\~ DF. As for the free energy expression as the function of \[SPM\], several studies have appeared ([@gkr712-B25; @gkr712-B26; @gkr712-B27]). By adapting the main factor, we may expect that is nearly proportional to to be near the critical concentration of the condensing reagents ([@gkr712-B25]). Thus,

Based on [Equation (1)](#gkr712-M1){ref-type="disp-formula"}, we may expect the relationship, , under the constant *η*. In the compaction by SPM, *η* is assumed to be constant and almost equal to the viscosity of water. The experimental results in [Figures 2](#gkr712-F2){ref-type="fig"}b and [4](#gkr712-F4){ref-type="fig"}a show constant velocity and with *R =* 0.98, the coefficient for least squares fitting. Thus, the experimental results were well fit to [Equation (1)](#gkr712-M1){ref-type="disp-formula"}. Figure 4.Relationship of compaction velocity to concentration of condensing reagent and solution viscosity. (**a**) Relationship of compaction velocity to the concentration for PEG--Mg^2+^ and SPM. (**b**) Viscosity calculated from tracking a single 500-nm particle in Brownian motion (inset) as a function of PEG concentration. Scale bar in the inset is 3 µm.

Dependence of the compaction velocity on PEG is different from that of SPM owing to the fact that the viscosity of a PEG solution is higher than that of a SPM solution. Thus, we examined the viscosity of the PEG solution by tracking single nanoparticles in Brownian motion at various \[PEG\]. [Figure 4](#gkr712-F4){ref-type="fig"}b shows that the overlap concentration of the PEG polymers was found at \~95 mg/ml from the turning point of the viscosity.

We investigated the relationship between velocity and viscosity by plotting *v^2^η* against \[PEG\] and \[SPM\]. [Figure 4](#gkr712-F4){ref-type="fig"}a shows that the rate with SPM is given as . On the other hand, with PEG the rate is expressed as and below and above the overlap concentration, respectively. The 9/4 power of \[PEG\] comes from the osmotic pressure of the polymer ([@gkr712-B28]). The slope and the magnitude of *v^2^η* depends on PEG--Mg^2+^ or SPM owing to their different viscosities and chemical properties. The driving force for compaction is the depletion of PEG between the DNA segments ([@gkr712-B20]), which originates in the entropy gain of PEG during the decrease in the effective free volume of the DNA molecule. Thus, the difference in the free energy for the DNA segments between random coil and compacted states *E~a~* is proportional to PEG concentration below the overlap concentration. However, our results suggest that two theoretical models for the compaction velocity of a single DNA molecule are required for the situations below and above the overlap concentration of PEG.

The critical concentration for transition between the random coil and compacted states of single DNA molecules, where the free energy is equal between the two states, was estimated at \[SPM\] = 0.75 µM from the *x-*intercept of the fitted line in the plot ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr712/DC1)). However, the compaction starts from the threshold concentration reflecting the intrinsic nature of the transition on single DNA described above, not from the critical concentration. The attraction factor (i.e. the concentration of SPM) must be greater than that at the critical concentration. This requirement means that the attraction force between the DNA segments or the velocity of the compaction becomes faster than that at the critical concentration. Thus, we predict a lower velocity of compaction near the critical point in continuous transitions, or second-order transitions of DNA. The observation of compaction in the presence of protein exhibits a continuous transition of DNA ([@gkr712-B3; @gkr712-B4; @gkr712-B5; @gkr712-B6]). Thus, we predict that compaction using protein causes low-velocity compaction compared with that by SPM and PEG--Mg^2+^.

For compaction by PEG--Mg^2+^, a critical concentration for transition between the random coil and the compacted states of single DNA molecules is observed in the overlap regime ([@gkr712-B20]). The driving force for compaction is the depletion force caused by the change in effective free volume to increase the PEG--PEG and DNA--DNA interactions rather than the DNA--PEG interaction above the overlap concentration. The critical concentration decreases with increasing salt concentration ([@gkr712-B20]). Indeed, the threshold of \[PEG\] for DNA compaction at 60 mg/ml in [Figure 3](#gkr712-F3){ref-type="fig"}a was different from the overlap concentration at 95 mg/ml in [Figure 4](#gkr712-F4){ref-type="fig"}b.

In conclusion, we have demonstrated for the first time the kinetics of the structural transition due to DNA compaction from direct evidence of the observation of single DNA molecules. The phase propagation model explains the kinetics measured using non-protein-induced compactions in the presence of PEG--Mg^2+^ and SPM. We experimentally identified and theoretical considerations indicated that the compaction velocity was related to the difference in free energy of a single DNA molecule between the random coil and compacted states. In the compaction kinetics with PEG, acceleration of the compaction velocity occurred above the overlap concentration, and considerable deceleration was observed during the coexistence state of random coil and the compacted conformation. The experimental results indicate that the compaction kinetics are controlled by the viscosity of the condensing reagents and the difference in free energy of a single DNA molecule between random coil and compacted states by considering the underlying properties of the entire genomic DNA. Our present work, which demonstrates the control factors of DNA compaction kinetics, should support important progress towards disclosing the compaction mechanisms of not only non-protein DNA interactions but also DNA--protein interactions *in vivo*. Furthermore, the control factors of compaction discussed herein support the ideas that they contribute not only to RNA transcription control ([@gkr712-B17]) but also are important for applications of artificial compaction for gene therapy ([@gkr712-B11]) and nanotechnology ([@gkr712-B13],[@gkr712-B14]).
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